The aim was to examine the acute and delayed effects of exercise-induced muscle damage and soreness on elbow target movements (TM) performance and control. Ten males performed an exercise of 50 maximal eccentric elbow actions. TMs were performed at three movement ranges. Maximal forces, active stretch reflex and TM were tested, and muscle soreness, creatine kinase and elbow joint stiffness were determined acute (after and 2 h) and delayed (2, 4, 6, 8d) postexercise. Both the long lasting muscle soreness and force drop were observed after the exercise. Joint stiffness was increased at 2 h postexercise. The highest deterioration in flexion-TM performance was found at the time (2 h) and at the elbow angles (most flexed) where force drop was the greatest. The increased TM time was concomitant with the flexors changed timing, decreased peak EMG, and with their reduced stretch reflex amplitude. However, the effects on triphasic EMG activity pattern of TM were not joint angle specific. Dysfunction of fastest motor units and the sensitization of small group III / IV muscle afferents might have been responsible for the amplitude modulations of the activity pattern.
Intensive and/or unaccustomed eccentric exercises induce ultrastructural muscle damage (e.g., Lieber, Shah & Friden, 2002) . The sequence of damage events has been postulated to include initial and secondary structural injury phases (Faulkner, Brooks & Opiteck, 1993) . It has been suggested that the initial muscle injury is mechanical in nature (e.g., Morgan & Allen, 1999) and that the magnitude of initial injury may be estimated from the decrease in force at 3 hr postexercise (Faulkner et al., 1993) . The first acute inflammation responses, with associated acute soreness during the first 2-6 hr postexercise, have been shown to be related to the secondary injury phase (e.g., MacIntyre, Sorichter, Mair, Berg & McKenzie, 2001 ), and to be the underlying mechanism in delayed onset muscle soreness (Smith, 1991) . The secondary phase of recovery is known to reflect progressive inflammatory and regenerative process within the damaged muscles, with structural disturbances and peak muscle soreness 2-4 days postexercise (e.g., Cheung, Hume & Maxwell, 2003; Clarkson & Newham, 1995; Friden & Lieber, 2001; Lieber & Friden, 2002) . The muscle damage recovery process, with associated symptoms e.g., soreness and inflammation, affect both the central and reflex components of muscle activation (Gandevia, 2001) , and have been shown to modulate the muscle activity pattern of dynamic voluntary movements (Bottas, Linnamo, Nicol & Komi, 2005; Bottas, Linnamo, Nicol & Komi, 2009a) . In addition, muscle damage related mechanical changes such as swelling, reduced joint range of motion (e.g., Clarkson, Nosaka & Braun, 1992; Whitehead, Weerakkody, Gregory & Morgan, 2001) , and increased passive stiffness (e.g., Howell, Chleboun & Conatser, 1993; Whitehead, Morgan, Gregory & Proske, 2003) , are very likely to influence dynamic performance for several days (Bottas, Miettunen, Komi & Linnamo, 2010a) .
Eccentric muscle damage has been connected to reductions, both in maximal static (e.g., Clarkson et al., 1992; Howell et al., 1993) and maximal dynamic actions, lasting several days (e.g., Bottas et al., 2005) or even weeks (e.g., Faulkner et al., 1993; Sayers & Clarkson, 2001) . Moreover, the angle-torque relationship of maximal elbow flexion, with the greatest torque production at medium angles (described as an inverted U), has been found to shift to the right toward the larger angles after eccentric exercise (e.g., Komi & Rusko 1974; Morgan & Allen, 1999; Prasartwuth, Allen, Butler, Gandevia & Taylor, 2006; Saxton & Donnelly, 1996) . Both impairment in voluntary activation (Prasartwuth, Taylor & Gandevia, 2005) and disturbances in excitation-contraction coupling (e.g., Warren et al., 1993) and myofibril disruption (e.g., Friden & Lieber 2001) have been suggested to contribute to the length-dependent reduction of voluntary force (Prasartwuth et al., 2006) . On the other hand, both target movement performance and control have been shown to be linked to force production capacity of muscles (e.g., Jaric, 2000; Mirkov, Milanovic, Ilic & Jaric, 2002; Prodoehl, Gottlieb & Corcos, 2003) . Both the improvement of force production and isometric fatigue of a muscle, or muscles, have been found to affect symmetry ratio (acceleration time vs. deceleration time), which has been associated to a muscle's ability to exert force (Jaric, 2000) . In addition, elbow flexion movements made from more extended starting positions have been shown to be slower and to have had longer acceleration and deceleration times than movements performed from more flexed position (Prodoehl et al., 2003) . It has been suggested that particularly eccentric muscle actions would disturb fast voluntary movement performances, especially at small elbow angles (Prasartwuth et al., 2006) . However, the influence of joint angle has been different between flexion and extension movements (e.g., Mirkov et al., 2002) . The changes in triphasic activity pattern of target movements with different starting position (Prodoehl et al., 2003) have been consistent with those seen when the available muscle force has been decreased due to muscle fatigue after isometric exercise (e.g., Corcos, Jiang, Wilding & Gottlieb, 2002) .
Besides causing extrafusal muscle damage, eccentric actions have been reported to reduce both passive (no parallel muscle activation during stretch) and active (parallel muscle activation during stretch) stretch reflex amplitudes (e.g., Avela, Kyröläinen, Komi & Rama, 1999) . However, the exercise-induced direct spindle (Gregory, Morgan & Proske, 2004) or tendon organ (Gregory, Brockett, Morgan, Whitehead & Proske 2002; damages in man are found to be questionable. If intensive enough, eccentric exercises may lead to impaired position (Brockett, Warren, Gregory, Morgan & Proske, 1997; Saxton et al., 1995; Skinner, Wyatt, Hodgon, Conard & Barrack, 1986) and force senses (e.g., Carson, Riek & Shahbazpour, 2002; Gandevia & McCloskey, 1978) , and a reduced ability to discriminate movement velocity (Pedersen, Lönn, Hellström, Djupsjöbacka & Johansson, 1999) . As the information of muscle afferents is supposed to contribute to position and movement sense (e.g., Roll, Vedel & Roll, 1989) , muscle proprioception is known to play an important role in optimizing motor control. Proprioceptive feedback has been shown to be necessary in controlling voluntary movement amplitude (Forget & Lamarre, 1987) or rhythm (Bonnard & Pailhous, 1999) . The absence of feedback has been shown to affect the fine control of antagonistic muscles activity (Forget & Lamarre, 1987; Nicol, Bonnard & Pailhous, 1997) . In the target movement deceleration phase the active stretching of the antagonist muscles is likely to evoke reflex responses that strengthen muscles activation. Associated to the recoil of elastic energy the potentiated activity contributes to force production (Cavagna, 1977; Gollhofer, Komi, Fujitsuka & Miyashita, 1987; Komi & Gollhofer, 1997) . Studying eccentric muscle fatigue, we have recently shown that peripheral reflex information may play a significant role in the motor control of maximal velocity elbow movements wherein the antagonistic muscles are activated reciprocally (Bottas et al., 2005; Bottas et al., 2009a; Bottas et al., 2010a) . Repeated eccentric actions of elbow flexors modulate the antagonistic muscles' timing and the triphasic activity pattern of the target movement (Bottas et al., 2005) , and may have led to both acute (Bottas et al., 2010a) and delayed changes in the fatigued muscle activity burst during the rhythmic movement (Bottas et al., 2009a) . These findings were suggested to be due to acute metabolic (Bottas et al., 2005) and both acute and delayed inflammatory substances (Bottas et al., 2009a; Bottas et al., 2010a) within the muscles sensitizing the group III and IV muscle afferents (Bottas et al., 2010a) .
In our former study (Bottas et al., 2005) the fatigue protocol caused an overlap of acute metabolic fatigue and muscle damage factors postexercise. In the current study, the eccentric exercise protocol of elbow flexors was executed in a way to avoid acute metabolic fatigue and acidosis, to demonstrate purely the effects of the muscle damage and soreness. The effects of exercise-induced muscle damage on TM performances were expected to be the greatest at 2 hr postexercise, but followed by delayed effects of muscle damage and muscle soreness. We also examined if the effects were different when the fatigued muscle group worked as an agonist (flexion-TM) or as an antagonist (extension-TM). Moreover, we examined if the elbow angle has an effect on TM performance and control. Our specific hypotheses were as followed: i) disturbances of performance and control will be observed both acutely and delayed postexercise, but especially during the acute 2 hr recovery period ii) postexercise reduction of elbow flexors EMG amplitude and modulation of timing will be associated with a parallel drop in their active stretch reflex amplitudes, iii) the performance and control of flexion-TM at small elbow angles will be affected the most.
Methods

Subjects
Ten physically healthy male volunteered for this study. Due to design of the test apparatus, all subjects were right handed. The subjects' mean age, height, body mass, and body fat were 25.3 (S.D. 1.7) years, 179.3 (S.D. 7.4) cm, 78.0 (S.D. 7.0) kg, and 15.8 (S.D. 3.3) %, respectively. The subjects were aware of possible risks and discomfort of the study, and they all gave their written informed consent to participate. The study was conducted according to the declaration of Helsinki and was approved by the ethics committee of the University of Jyväskylä, Finland. The subjects were not allowed to perform physically heavy activities one week before and during the study period.
Exercise Protocol
After warm-up actions, the subject performed 50 maximal eccentric actions of the elbow flexors with a constant velocity in an isokinetic device (Komi, Linnamo, Silventoinen & Sillanpää, 2000) . The subjects sat on the device with their right forearm supinated and the wrist secured by a plastic splint that was fixed to the lever arm of the device. The axis of the device's lever arm corresponded to the rotational axis of the elbow joint. The movement range during the exercise was from 50° to 170°, wherein 180° indicate full elbow extension. The angular velocity was 2 rad*s -1 . Thus, one repetition lasted about 1.05 s. The subject was encouraged repeatedly to perform with maximal effort. All actions were performed maximally at 15 s intervals. During this time period the arm was returned back to 50° starting position and approximately 0.5 s was used for maximal isometric preactivation before the next repetition of eccentric action. The force applied to the wrist for elbow flexion was measured by a strain gauge transducer. The total exercise duration was average about 13 min with about 1 min 20 s of actual work.
Testing Protocols
Maximal Voluntary Actions. The force of maximal isometric flexion action was tested at 90°, 110° and 130° elbow angles using the same device as the eccentric exercise was performed. The last maximal eccentric action (elbow range 50°-170°) of the exercise was analyzed for the immediate postexercise value of the eccentric force. The maximal isometric force of elbow extensors was tested only at 110° angle. Maximal voluntary eccentric actions and maximal isometric actions-including one or two trials per test situation-were performed before, immediately after, 2 hr, 2 days, 4 days, 6 days and 8 days after the exercise.
Target Movements (TM). TM tests were performed with a specific apparatus equipped with a potentiometer constructed in the Neuromuscular Research Center of Jyväskylä University (Bottas et al., 2005) . TM was performed in a sitting position with the right forearm fixed to a lever arm in the horizontal plane above a protractor. The shoulder joint was abducted around 80° (measured by the protractor) and the forearm was in a semisupinated position with the wrist stiffened by a plastic splint. The subject performed first the flexion-TMs followed by the extension-TMs. TMs of 60° amplitude were performed in random order starting at small elbow angles (SA; 60-120°), followed by medium (MA; 80-140°) and then large elbow angles (LA; 100-160°), with the visual feedback of the arm movement and position (online video photograph) from a television monitor. Subjects were instructed to perform a single TM as fast and as accurate as possible and to pause between movements, for as long as needed, for optimal performance. The TM tasks were practiced on the same day before experimental trials, for as long as needed (30-50 repetitions) to achieve a plateau in the acute learning (e.g., Flament et al. 1999; Bottas et al. unpublished) . TM tests were conducted before, immediately after, 2 hr after, as well as 2 days, 4 days, 6 days and 8 days after the exercise.
Stretch Reflex Measurements. Active stretch reflex tests of the elbow flexors were performed with the same isokinetic device as the exercise. All together six computer driven stretches of 20° amplitude with 0.110s stretching time-4 rad/s velocity and 100 rad*s -1 acceleration-were applied covering an elbow joint range from 90° to 150°. A prestretch force of 20% / MIA (maximal isometric action at that test point) was used in reflex tests. The subject was informed to maintain constant force-which he saw from the oscilloscope screen-throughout the stretch perturbation.
Data Recordings and Analysis
Electromyography. Surface electromyographic activity (EMG) was recorded from the biceps brachii (BB) and triceps brachii (TB) muscles of the right arm. Bipolar skin electrodes (Beckman miniature-sized) with 20-mm interelectrode distance were used according to recommendations of SENIAM (1999). The electrodes were placed longitudinally on the muscle belly and distally from the motor point (SENIAM 1999) . After the acute recovery phase measurements (up to 2 hr), when the electrodes were released their position were marked on the skin to ensure the same location for the delayed measurements (2-8D). EMG signals were recorded (EISA 16-2, Freiburg, Germany) with bandwidth of 10-1000Hz / 3 db and a sampling frequency of 2000 Hz.
Maximal Voluntary Actions. Maximal eccentric force with the associated muscle activity (aEMG) was analyzed as an average for the whole movement range (50°-170°). The maximal and the average force together with aEMG (average amplitude of EMG) for 1000 ms steady force production period (around the maximal force) were analyzed from the isometric actions.
Stretch Reflex Measurements.
In the analysis of active stretch reflex of the elbow flexors, a 100 ms period of the aEMG before the onset of the stretch was used as a background activity (BGA). A clear amplitude change served as onset for the later reflex components. The latency and average amplitude of reflex component M1 was determined from every stretch response. The average value of three stretches at 90°, 110° and 130° elbow angles in relation to BGA were calculated.
Flexion-and Extension-TM. Ten target movements of about fifteen repetitions were selected (no movements in which the amplitude did undershoot the target) and averaged for further analysis (Figure 1 ). The beginning of the movement (0.5° increase from baseline) was taken as a reference point for analysis ( Figure 1 ). The arm arrival at a steady 2° width window marked the movement end. The determined TM main performance criterions were the time to the target (velocity demand) and the deviation from the target (accuracy demand). Moreover, other determined parameters were as follows; arm total oscillation (traveled distance of the arm between the reversals), time to peak velocity, symmetry ratio (acceleration/ deceleration time) and movement peak velocity ( Figure 1 ). For TM EMG analysis, signals were full-wave rectified and filtered (low-pass, Butterworth, with a 50 Hz cut-off frequency) (e.g., Ervilha, Arendt-Nielsen, Duarte & Graven-Nielsen, 2004a). The activity timing (activity onset and end), durations of the all three EMG activity bursts and peak amplitudes, were determined from the averaged (10 trials) and filtered curves (Figure 1 ). In the timing analysis of the filtered data curves, the onset of a muscle EMG was the point beyond the EMG value was continuously rising and the lowest EMG value between the bursts marked the end and / or onset of the burst. In addition, coactivation of antagonistic muscles EMG activity (activity overlap duration) and average EMG amplitude of antagonistic muscles during this coactivation period were defined for every activity turns i.e., agonist-antagonist2nd agonist (e.g., in flexion-TM; BB > TB and TB > BB).
Blood Samples, Muscle Soreness and Elbow Joint Stiffness
Blood lactate concentration (B-La) was determined (Lactate Pro; Arkray, Inc., Kyoto, Japan) from the fingertip blood samples drawn before and immediately after the exercise. For the determination of the serum creatine kinase activity (s-CK) (Boehringer Mannheim, Germany), blood samples were drawn from the ulnar vein before, immediately after, 2 hr, 2 days, 4 days, 6 days and 8 days after the exercise. The subjectively experienced muscle soreness was determined by Visual Analog Scale (VAS) method (e.g., Nosaka & Clarkson, 1996) . The elbow free relaxed joint angle (RANG) was measured when the subject stood and his relaxed arm hung loose on the side of the body with the forearm supinated. At same body position, the most flexed angle (FANG) of the elbow joint was determined during maximal flexion. Representing the elbow joint passive stiffness, the elbow joint range of movement (ROM) was calculated as follows; ROM = RANG-FANG (Nosaka & Clarkson, 1996) . ROM were determined and measured from both upper arms.
Statistics
Data were analyzed by a multivariate analyses of variance (MANOVA) by using an SPSS computer analysis program. The 2-MANOVA (2-M) test of between-subjects (elbow range) and within-subjects (eccentric exercise) effects and 1-MANOVA (1-M) within-subjects effect were applied in the analysis of repeated measures for dependent variables. In MANOVA analysis the pairwise and multible comparisons were made with a significance level of p < .05 and the paired T-test served as a post hoc test. The Pearson correlation r value was calculated between selected variables.
Results
Maximal Voluntary Actions
Eccentric exercise of elbow flexors caused long lasting-8 day-deterioration of maximal eccentric force (Figure 2A ). The relative drop of force seemed to be the greatest at the small elbow angles, however, statistical difference between the angles was not found. The acute drop of isometric forces were rather similar compared with eccentric force, with hardly any recovery during 2 hr postexercise period. Isometric forces were returned to the preexercise level on day 4, but were reduced again on day 8 (2-M; p < .05) ( Figure 2B ). Immediately after the exercise, the elbow flexors aEMG decreased in all tested elbow angles (2-M; p < .001). BB aEMG was decreased also 2 hr (90°) and 2 days (90°, 130°) postexercise ( Figure 2C ).
The maximal force of nonfatigued elbow extensor (TB) at 110° was decreased 2 hr (-12 ± 13%, 1-M; p < .01) and 2 days (-8 ± 11%, 1-M; p < .05) after the exercise. The parallel drop of the TB aEMG was -18 ± 22% (1-M; p < .05) at 2 hr point and -23 ± 28% (1-M; p < .05) on day 2.
Performance of TMs
Flexion-TM. The deviations from the target (accuracy demand) were not different between the TM ranges (2-M). On average, the time to target in LA (160-100°) was longer than in SA (2-M; p < .01) and in MA (2-M; p < .05). Moreover, the time to peak velocity was longer in LA than in SA (2-M; p < .05). Table 1 (lower part) shows the pre-vs. postexercise comparisons (1-M) of the three flexion-TM ranges.
The postexercise progresses of the performance and kinematic parameters were not different between the elbow ranges (2-M). On average, the time to target-seen as a deterioration of the performance velocity demand-were increased immediately and 2 hr postexercise (2-M; p < .05 and p < .01, respectively).
The acute performance impairment immediately and 2 hr after the exercise was concurrent with decreased peak velocity (2-M; p < .01 and p < .001) and increased time to peak velocity and symmetry ratio (2-M; p < .01 and p < .001). At 2 hr postexercise, in SA the more the peak velocity of movement was reduced the more the time to target increased (r = .70, p < .05). On average, the peak velocity was decreased also 2 days (2-M; p < .001) and 4 days (2-M; p < .01) after the exercise. The total oscillation of forearm was decreased on the delayed recovery phase (2-6 days) (2-M; p < .001) without any statistical relation to performance criteria.
Extension-TM. The deviations from the target (accuracy demand) were not different between the TM ranges. Similar to flexion-TM, the time to target (velocity demand) in LA was longer than in MA (2-M; p < .05) and in SA (2-M; p < .01). In addition, the peak velocity of TM was higher in SA than in LA (2-M; p < .05). See Table 1 (upper part) for the pre-vs. postexercise comparisons (1-M) of the three TM ranges.
As in flexion-TM, the postexercise progresses of the performance and kinematic parameters were not divergent between the elbow ranges (2-M). In contrast to flexion-TM, the time to target was shortened at 2 hr after the exercise (2-M; p < .05), seen as an improvement of the performance, and delayed postexercise on days 4 (2-M; p < .05), 6 (2-M; p < .01) and 8 (2-M; p < .001). The acute performance enhancement immediately and at 2 hr postexercise was parallel to decreased peak velocity (2-M; p < .001 and p < .001) and arm total oscillation (2-M; p < .01). In addition, the delayed decrease of the time to target was concurrent with the decreased peak velocity on days 2 (2-M; p < .01) and 4 (2-M; p < .05) and with the decreased arm oscillation on days 2, 4, 6 and 8 (2-M; p < .001). Contrary to flexion-TM, symmetry ratio of extension-TM remained unchanged.
Activity pattern of TMs
In some subjects the EMG pattern of TM consisted of four or more bursts (see Figure 1 ). These later bursts are typically clearly minor in amplitude and duration (e.g., Brown & Cooke, 1981; Bottas et al., 2005 ). In the current study, the appearance of later bursts was confined to certain individuals. In extension-TM, BB and BR 2nd bursts (fourth burst) were observable for two subjects on every test occasions. Only one subject showed a fourphasic activity pattern in every single TM task. In flexion-TM, only one subject demonstrated a four burst EMG pattern in every TM range. A case based investigation revealed that individuals who have fourphasic EMG patterns tended to have high peak velocity in their goal directed and additional corrective movements. However, the present eccentric exercise has no effect on the number of the bursts. Three first bursts of EMG (triphasic activity pattern) were observable for all subjects in every test occasion and, hence, included in further analysis.
EMG Timing in Flexion-TM. On average, BR1 ended later in MA (2-M; p < .05) and LA (2-M; p < .01) than in SA. Moreover, BB1 ended later in LA than in SA (2-M; p < .05). In parallel, BR1 duration in MA (p < .05) and in LA (2-M; p < .01) were longer than in SA. The BB1 duration in LA was longer than in SA (2-M; p < .01). The flexors 2nd burst durations in MA (2-M; p < .05) and in LA (BB2, 2-M; p < .05 and BR2, 2-M; p < .01) were shorter compared with SA.
The postexercise progresses of burst timings were not different between the TM ranges (2-M). On average, the fatigued flexors activity were timed earlier immediately (BB1, 2-M; p < .001 and BR1, 2-M; p < .05) and 2 hr after the exercise (BB1, 2-M; p < .001 and BR1, 2-M; p < .01) ( Figure 3A) . Moreover, the BR1 ended later immediately and 2 hr postexercise (2-M; p < .01), which was associated with increased duration of these bursts (2-M; p < .001) ( Figure 3A ). BB1 duration was increased immediately postexercise as well (2-M; p < .01) ( Figure 3A) .
Elbow flexors 2nd bursts ended later during the acute recovery phase of 2 hr (2-M; p < .001), which was concurrent with the lengthened duration of these bursts (2-M; p < .01-.001) ( Figure 3A ).
EMG Burst Amplitudes in Flexion-TM.
On average, there were no differences in the peak amplitudes of the three ranges (2-M). Moreover, the progresses of both the agonists (BB1, BR1) and antagonist (TB) burst peak amplitudes were not different between the TM ranges (2-M).
The fatigued flexors 1st bursts peak amplitudes were decreased immediately, 2 hr (BB1 and BR1, 2-M; p < .05-.001) and 2 days (BR1, 2-M; p < .05) postexercise ( Figure 4A ). In contrast, the flexors 2nd bursts peak amplitudes were increased during the acute recovery period of 2 hr (2-M; p < .05-.01) ( Figure 4A ). The nonfatigued TB amplitude was decreased at 2 hr (2-M; p < .01), 4 days and 6 days (2-M; p < .05) postexercise ( Figure 4A ).
Coactivation in Flexion-TM.
The postexercise progresses of coactivations were not divergent between the TM ranges (2-M) as they followed the changes in burst timing.
On average, coactivation of agonist BR1 and antagonist TB was increased immediately and 2 hr postexercise (2-M; p < .05). In parallel, the aEMG of coactivation was decreased immediately postexercise (BR1, 2-M; p < .05) and 2 hr postexercise (BR1 and TB, 2-M; p < .05).
TB and BR 2nd burst overlap was decreased both acutely (2-M; p < .05) and delayed (2D, 4D, 8D) postexercise (2-M; p < .05) with the parallel drop in TB coactivation aEMG on day 2 and on day 4 postexercise (2-M; p < .05).
EMG Burst Timings in Extension-TM.
On average, TB1 ended later in SA than in LA (2-M; p < .05) and TB2 ended later in SA than in MA (p < .01). In parallel, TB2 duration was larger in SA than in MA (2-M; p < .05) (see Figure 3B ). Moreover, BR end was timed later in SA than in MA and in LA (2-M; p < .01) and the BB duration in SA was larger than in MA (2-M; p < .05).
The postexercise progresses of burst timings were not different between the TM ranges (2-M). On average, the agonist TB1 onset was timed later on day 4 (2-M; p < .01), 6 (2-M; p < .001) and 8 (2-M; p < .001) postexercise ( Figure 3B ).
The acute postexercise timing of fatigued antagonists was quite similar to flexion-TM wherein they acted as agonists. The activity of BB and BR began earlier immediately postexercise (2-M; p < .01) and at 2 hr after the exercise the BB end was timed later (2-M; p < .05). In parallel, BB duration was increased immediately (2-M; p < .01) and 2 hr (2-M; p < .001) after the exercise ( Figure 3B ).
The nonfatigued TB2 duration was increased immediately postexercise (2-M; p < .05) ( Figure 3B ).
EMG Burst Amplitudes in Extension-TM.
As in flexion-TM, the postexercise progresses of burst timings were not different between the TM ranges (2-M).
Similarly to fatigued flexors in flexion-TM, the average nonfatigued TB1 peak amplitude was decreased at 2 hr postexercise (2-M; p < .001) ( Figure 4B ), but in contrast to flexion-TM, its amplitude remained reduced up to day 6 postexercise (2-M; p < .05).
In parallel with TB1 decrement, TB2 peak amplitude was decreased acutely (2-M; p < .001) and delayed postexercise on days 2 (2-M; p < .001) and 4 (2-M; p < .05) ( Figure 4B ).
Differently to flexion-TM, the fatigued flexors peak amplitudes were decreased both at 2 hr (BB, 2-M; p < .05) and on day 2 (BB and BR, (2-M; p < .01) postexercise ( Figure 4B ).
Coactivation in Extension-TM. The postexercise progresses of coactivations were not divergent between the TM ranges (2-M) and they followed the changes in burst timings.
As in flexion-TM, the average coactivation of agonist (TB1) and antagonist (BB) was increased immediately (2-M; p < .01) and 2 hr (2-M; p < .01) after the exercise. In contrast to flexion-TM, antagonist (BB) and agonist (TB2) overlap was increased 2 hr postexercise (2-M; p < .05). The coactivation amplitudes of antagonistic muscles were not changed.
Active Stretch Reflex
BB and BR M1/BGA (20%/MIA) were decreased in all tested elbow angles 2 hr after the exercise (1-M; p < .05-.001) ( Figure 5 ) without differences in postexercise progress between the angles (2-M). Furthermore, BR M1/ BGA was reduced immediately postexercise (1-M; p < .05) ( Figure 5 ). 
Blood Samples, Muscle Soreness and Elbow Joint Stiffness
As expected, the present eccentric exercise protocol of elbow flexors did not elevate blood lactate concentration (1.3 ± 0.5 mmol*l -1 before vs. 1.2 ± 0.4 mmol*l -1 after). Serum creatine kinase concentration peaked on day 4 postexercise (Figure 6 ). Acute onset muscle soreness (AOMS) was perceived in the exercised right arm elbow flexors during the early recovery period of 2 hr and delayed onset muscle soreness (DOMS) peaked on day 2 postexercise (Figure 6 ). The free range of movement (ROM) of the right elbow joint was the narrowest 2 hr postexercise (118 ± 11°; p < .001) and it did not returned to preexercise range during the next eight days (132 ± 6° vs. 128 ± 7°; p < .01). before, immediately after (after), 2 hr (2h), 2 days (2D), 4 days (4D), 6 days (6D) and 8 days (8D) after the eccentric exercise. (n = 9). * p < .05, ** p < .01, *** p < .001; different than before value (1-MANOVA). VAS = Visual Analog Scale method (Nosaka & Clarkson, 1996) . Vertical bar = S.D.
Discussion
The present eccentric exercise with series of 50 maximal eccentric actions generated several well-known symptoms related to muscle damage. The flexion-TM performance at small elbow angles (SA; 120 > 60°) was deteriorated (increased time to target) acutely (2 hr) postexercise. This was concurrent with the changes in antagonists EMG amplitude and timing, and with the reduction of elbow flexors active stretch reflex EMG amplitude. In parallel, extension-TM performance was improved (decreased time to target) with decreased EMG amplitude of elbow extensor.
Exercise Effects on Extension-TM
In the current study, the subjects were informed to perform TM "as fast and as accurate as possible". In respect of the task accuracy criterion (deviation from target), the extension-TM performance did not change postexercise in any of the used movement ranges. Similarly to the present finding, we did not find impairment of TM accuracy after a 100 eccentric actions of elbow flexors in our earlier study (Bottas et al., 2005) . However, the current result contrasted the finding after isometric fatigue (Jaric et al., 1999 ).
In the current study, related to the TM velocity demand (time to target) we found a postexercise improvement in extension-TM performance. That is, the TM performance, in which fatigued and damaged flexors worked as antagonists, was improved. The average time to target (all TM ranges) was decreased in parallel with the decrement of extension peak velocity. In a relative scale these responses were quite small, but since these findings were statistically significant and they have a logical relationship, we need to take them into consideration. The change in peak velocity may have been part of learning-based or CNS reflex-based performance optimization due to the antagonists' (flexors) fatigue. On the other hand, it may have resulted from the nonfatigued extensors decreased force production capacity as a consequence of impaired neural activation of extensors ( Figure 4B ). Since the rather identical acute and delayed postexercise decrease of extensor TB (nonfatigued muscle) activity was also found in maximal isometric action, the likely reason for the activity drop lies at the supraspinal and/or spinal level of CNS (Gandevia, 2001) . By utilizing CMEP and ischemia, Martin, Smith, Butler, have shown that, during elbow flexor fatigue, the direct and/or indirect inputs of small muscle afferents would inhibit extensor motoneurones in human arm. More recently, the activity of group III and IV muscle afferents have been shown to facilitate both extensor and flexor motoneurones, but to have an inhibitory effect on cortical cells projecting to these muscles (Martin et al., 2008 ).
In the current study, the postexercise reduction of agonist (TB) amplitude in extension-TM decreased in parallel with the antagonists (BB and BR) amplitudes ( Figure 4B ). Although the electrode positioning was done properly according the recommendations the removal of the electrodes during later sessions may have slightly affected the EMG amplitude. However, on the acute postexercise phase, the electrode position did not change. Contrary to our expectations, the flexors EMG amplitude changes did not evenly follow their active stretch reflex test amplitudes (insignificant statistical correlation between changes), which both were decreased during the 2 hr postexercise recovery period. In extension-TM task, while activated during lengthening in the movement braking phase, the flexors are expected to have a reflex (spindle Ia / IIa) potentiation in their EMG activity pattern and enhance force production. Despite peripheral disturbances induced by present repeated eccentric actions this gain of afferents appeared to remain. On the other hand, it is also possible that the antagonists' reflex feedback gain of this kind of TM is overrated.
In extension-TM, the modulations of the fatigued flexors (antagonist) timing and duration were observed as well ( Figure 3B ). These modulations seemed to concentrate on TM that was performed at small elbow angles (SA). This must be seen as an indication of peripheral force production failures due to eccentric actions, which have been suggested to be more sensitive to reductions in neural drive in voluntary movements performed at shorter muscle lengths (Prasartwuth et al., 2006) . The postexercise modulations of agonist TB timing included the later timed onset of TB1 (i.e., shorter motor time). This was coexistent with the delayed improvement of the extension-TM performance. Thus, the shortened motor time at the end of study recovery period may have been indicative of the more effective force production due to possible delayed learning process.
Despite large postexercise modulations in triphasic activity pattern, extensionTMs times to target were similar to preexercise, but their peak velocities were decreased. Therefore, other factors than activity changes must have contributed to produced forces and success of the extension-TM task. The increased stiffness of the elbow joint (narrowed ROM)-most likely originated from elbow flexors and attributed to a "contraction clot" associated with muscle injury (e.g., Whitehead et al., 2001 )-may have assisted flexors in halting the movement on the target zone. Increased stiffness may also have caused the decreased arm total oscillation (shorter movement trajectory) acute and delayed postexercise (Table 1) . On day 8 postexercise, time to target of all extension-TM performances were shorter than before the exercise. At the same time, the peak velocities of extension-TMs were recovered back to preexercise values (Table 1 ). This phenomenon must be seen as both structural and neural adaptation to eccentric exercise and / or as part of the learning process associated to decreased arm oscillation due to CNS enhanced coordination of antagonistic muscles activation (Bottas et al., 2010b) .
Exercise Effects on Flexion-TM
As with the extension-TM, the present eccentric exercise did not affect the task accuracy (deviation from target) of the flexion-TMs. However, an impairment of flexion-TM (SA) task velocity (increased time to target) was found acutely postexercise. This meant that TM task, wherein the exercised elbow flexors acted as agonists, was deteriorated. The TM performance has been found to be impaired both after elbow flexors isometric (Corcos et al., 2002; Jaric, 2000; Jaric, Radovanović, Milanović, Ljubisavljević & Anastasijević, 1997; Jaric et al., 1999) and eccentric fatigue (Miles, Ives & Vincent, 1997; Bottas et al., 2005) . The acute deterioration of current flexion-TM performance was concomitant with the drop of flexors 1st bursts (BB1 and BR1) amplitudes ( Figure 4A ). In contrast to the "central fatigue strategy" suggested to explain the finding (Corcos et al., 2002) , we did not observe a postexercise change in antagonist timing or in TM amplitude. In the current study, we also observed an acute (0-2h) parallel increase of the time to peak velocity and phase symmetry and decrease of the peak velocity. The increment of time to peak velocity was similar as in our earlier study wherein the acute recovery was followed 0.5 hr postexercise (Bottas et al., 2005) . These kinetic and kinematics changes are suggested to be a consequence of the reduced force production-as a consequence of muscle structural injure and / or of muscles disturbed activation-and acceleration ability of the agonist muscles (e.g., Bottas et al., 2005; Corcos et al., 2002) . This suggestion was also supported by the present finding when the increased time to target was associated with decreased peak velocity at 2 hr postexercise (SA-TM).
Noteworthy deterioration affected only the fastest flexion-TM performance (SA) and at the time (immediately and 2 hr postexercise) (Table 1 ) when the drop of maximal forces were the greatest (Figure 2 ). Similarly to this study, it has been shown that at the more extended elbow positions, the durations of agonist 1st burst are higher, the movements slower (Prodoehl et al., 2003) , and the movement symmetry ratios larger (Mirkov et al., 2002 ). In the current study, elbow flexors 1st bursts timing in flexion-TM at SA was different compared with other ranges, however, their postexercise timing closed on MA-TM and LA-TM corresponding values ( Figure 3B ). These findings suggest that the force production failures, due to muscle damage, especially at small elbow angles, were responsible for the TM task impairment at SA, and that the CNS compensated this failure by changing the flexors timing. An acute shift of the peak forces toward longer muscles lengths, possible due to sarcomere mechanical disruption, has recently been observed after elbow flexors eccentric exercises (e.g., Prasartwuth et al., 2006; Saxton & Donnelly, 1996) . Shapiro, Prodoehl, Corcos & Gottlieb (2005) have suggested that force-length property of the muscle contributes to force generation more when the muscle acts as the agonist than as the antagonist. This might also partly explain the current deterioration of flexion-TM while extension-TM remained intact. The present minor delayed flexion-TM kinematic changes may have been associated to muscle damage secondary phase events (e.g., inflammation and regeneration) (e.g., Faulkner et al., 1993) connected to delayed force production disturbances of the agonists.
The Role of Muscle Small Afferents in EMG Modulation
Similar reduction of BB1 amplitude in flexion-TM analogous to present MA-TM has been observed acutely following a rather similar eccentric exercise (Bottas et al., 2005) . In contrast to that study, the present exercise protocol did not produce metabolic fatigue (based on the constant blood lactate concentration). In addition, the flexors amplitude was decreased the most at 2 hr after the exercise, when all metabolic fatigue factors should already have disappeared. Following the present eccentric actions, acute onset muscle soreness (AOMS) was perceived in elbow flexors and the joint stiffness was increased during the early recovery period (2 hr). The experimentally produced muscle pain has been shown to decrease agonist EMG and attenuate the acceleration profile of the fast elbow movements (Ervilha et al., 2004a, b) that was the case also in the current study. Our subjects described the AOMS to be sharp and cramp-like in nature and to diverge from the DOMS. The cramping type pain was experienced especially during the fast TM and when the elbow was passively extended. The AOMS was coupled to unexpected powerlessness during the muscle work which refers to protective inhibition of CNS. Moreover, within eccentrically exercised muscles acute inflammation response and acute soreness have been reported to develop at 2 hr and 4 hr postexercise (e.g., MacIntyre et al., 2001; McIntyre, Reid, Lyster & McKenzie, 2000; McIntyre, Reid, Lyster, Szasz & McKenzie, 1996) . Thus, small group III / IV muscle afferents which have shown to be sensitized to mechanical, thermal, and chemical changes that are known to associate with muscle damage (Gandevia, 2001 ) might well have been responsible for the current EMG amplitude reductions in flexion-TM.
The small group III / IV muscle afferents have been reviewed to have several routes to mediate inhibitory influence on both α-and γ-motoneurones (Gandevia, 2001) . Feedback of these afferents have been shown to have an effect on planning of aimed movements, on supraspinal cortical, subcortical and propriospinal motor outputs, and on α-motoneurones at the spinal level (Gandevia, 2001 ). While having a direct reflex inhibitory effect on motoneurone firing rates in muscle fatigue (Gandevia, 2001) , group III and IV muscle afferents may inhibit motoneurones through presynaptic inhibition of Ia afferents (e.g., Garland, 1991; Garland & McComas 1990; Rossi et al., 1999) .
The agonist 1st burst in triphasic activity pattern of TM has been supposed to be preprogrammed (planned) and not to be under peripheral sensory feedback control (e.g., Forget & Lamarre 1987; Hallett, Shahani & Young, 1975) . In this sense, the possible perturbation of fusimotor drive would not have influenced on flexors activation in the present flexion-TM. On one hand, the identical and parallel timed acute postexercise drop of flexors amplitude both in TM and in active stretch reflex test found in this study suggests that the agonist activation might have been supported by the peripheral feedback (i.e., by spindle afferents). Another explanation for the present agonist EMG drop, according to our recent findings may be that at 2 hr and delayed after eccentric actions, sarcolemmal function of especially the fastest MUs seem to be affected following the recovery pattern of maximal force production (Piitulainen, Bottas, Komi, Linnamo & Avela, in press ). Regardless of the original reason of possible sacrolemmal dysfunction (e.g., McBride, Stockert, Gorin & Carlsen, 2000; McNeil & Khakee 1992) , it would have explained the current postexercise reduction of agonist EMG found both in flexion-TM and in maximal flexion actions. In line with this reasoning, the acute 2 hr increment of BB and BR 2nd bursts absolute amplitudes in flexion-TM-coincident with their increased durations-may have been CNS compensation for flexors force production failure to optimize the task completion.
Parallel and Reciprocal Control of Antagonists
The current acute postexercise EMG amplitude changes of a muscle were different when it worked as an agonist or as an antagonist. After the isometric fatigue protocol, Jaric et al., (1999) have suggested that peripheral reflex and / or central mechanisms may operate in agonist versus antagonist muscle fatigue. This would allow the CNS to adjust for the fatigue of the antagonistic flexor muscles. The antagonists' postexercise amplitude changes seemed to follow the changes of agonists ( Figure 4A) . Similarly to the current study, at 0.5 hr after eccentric exercise the antagonist TB amplitude has been found to be simultaneously decreased with the fatigued agonist (BB) (Bottas et al., 2005) . Moreover, in the rhythmic movement reciprocal activity pattern TB muscle postexercise amplitude changes have been found to follow fatigued BB muscle amplitude changes (Bottas et al., 2009a) . After the present exercise, the coactivation agonist and antagonist was increased during the 2 hr recovery period. In parallel with the lengthened coactivation, EMG amplitudes of antagonistic muscles during coactivation phase were decreased. The present behavior of antagonists´ amplitudes and coactivations could well be linked to central reciprocal control and to reciprocal inhibition. In fact, the modulations in coactivation after the eccentric exercise have been supposed to relate to disturbances in reciprocal control (Leger & Milner, 2001) . Notably, the current eccentric exercise seemed to modulate the triphasic EMG activity pattern coactivation phases of TM wherein flexors force production was reduced the most. Moreover, in the present flexion-TM, the postexercise changes in overlapping were connected to performance impairment while extension-TM was improved. Thus, the postexercise modulations of triphasic EMG activity pattern must, at least partly, be seen as adjustment of reciprocal control of the CNS for the elbow flexors fatigue, muscle damage, and soreness.
To summarize, the flexion-TM-wherein eccentrically exercised elbow flexors acted as agonists-was deteriorated (increased time to target) acutely postexercise.
The deterioration seemed to affect the fastest performance at the elbow angles (SA) and at the time (immediately and 2 hr postexercise) when the reduction of maximal forces were the greatest. Despite of presence of well known delayed symptoms of muscle damage (e.g., soreness) we were lacking major delayed disturbances on TM performance and control. The acute deterioration of flexion-TM was suggested to be a consequence of the reduced force production (acceleration ability) of the agonist muscles, as it was concomitant with decreased EMG amplitudes and changed timing. On the contrary, the extension-TM performance was improved (decreased time to target) postexercise in parallel with the decreased TB EMG amplitude. The direction of the postexercise EMG amplitude responses of the exercised muscles varied when they acted as agonist, antagonist, or agonist 2nd while the nonfatigued muscle amplitude responses were always in the same direction. In contrast, the postexercise timing response of a muscle was in the same direction irrespective of the role it acted.
In conclusion, the CNS used the amplitude modulation of the EMG bursts to optimize the TM performance in muscle fatigue and muscle soreness. The dysfunction of the fastest MUs as a consequence of eccentric exercise-induced muscle damage may well explain the observed reduction in flexors EMG amplitude during the 2 hr postexercise recovery period. The identical and parallel acute postexercise decrease in flexors amplitude, both in flexion-TM and in active stretch reflex test, suggest that the agonist activation in TM might be supported by peripheral sensory feedback. In line with this reasoning, the small group III / IV muscle afferents may have been responsible for the present amplitude reductions of the antagonistic muscles.
